1. The vast majority of animal species display range fidelity, a space-use behaviour enhancing familiarity with local habitat features. While the fitness benefits of this behaviour have been demonstrated in a variety of taxa, some species or populations rather display infidelity, displacing their home range over time. Others, such as many ungulate species, show seasonal adjustments in their range fidelity to accommodate changes in the dominance of limiting factors or in the distribution of resources. 2. Few empirical studies have explored the adaptive value of seasonal adjustments in range fidelity. Using boreal populations of woodland caribou (Rangifer tarandus caribou) as a biological model, we evaluated how range fidelity impacted individual performance during two seasons where juvenile and adult survival are limited by different predation pressures. 3. Between 2004 and 2013, we monitored the survival, reproductive success, habitat selection and range fidelity of female caribou in the boreal forest of eastern Canada. Using resource selection functions, we assessed how seasonal range fidelity was linked to two fitness correlates: calf survival in summer and adult female survival in winter. 4. Females displayed season-specific space use tactics: they selected previously used areas during calving and summer, but tended to shift their winter range from 1 year to the next. During calving and summer, range fidelity yielded relatively high fitness benefits, as females that did not lose their calf displayed stronger fidelity than females that did. In winter, however, adult survival was negatively linked to range fidelity, as females that survived selected areas further away from their seasonal range of the previous year than females that died. 5. We provide one of the first evidences that making seasonal adjustments in range fidelity can be an adaptive behaviour influencing the spatial distribution of a threatened species. Assessing the seasonal nature of range fidelity tactics may improve our predictions of space use and associated fitness implications for species displaying this behaviour.
Introduction
Substantial research in animal ecology has focused on explaining why in several species, individuals display fidelity to specific areas or home ranges throughout their life. This restricted space use behaviour should enhance fitness by increasing the familiarity of individuals with the local distribution of resources and risks (Greenwood 1980; Switzer 1993) . Accordingly, home range fidelity has been reported to increase the reproductive success and survival of birds (Bensch et al. 1998; Vergara et al. 2006) and mammals (Welch, Rogers & Mckinley 2000; Authier et al. 2012; Forrester, Casady & Wittmer 2015) . Nonetheless, there are also examples of animals displaying lower fidelity (Weatherhead & Boak 1986; Lepage, Gauthier & Reed 1996) , where individuals would benefit from displacing their home range when competition becomes high (Tryjanowski et al. 2007) or when the spatiotemporal distribution of resources changes over time (Edwards, Nagy & Derocher 2009) .
While animals may show consistent range fidelity behaviour throughout their life (Authier et al. 2012) , certain species display different tactics over finer temporal scales, adjusting their fidelity level to temporal changes in the dominant limiting factors (Festa-Bianchet 1986; van Beest et al. 2013) . For example, when predation risk or food availability varies randomly over time, returning to previously used areas might not always be the most fitnessrewarding option (Switzer 1993; Ganter & Cooke 1998) and the adaptive value of range fidelity may change across seasons or years. Seasonal adjustments in fidelity behaviour could thus be fitness-rewarding and allow animals to maximize their survival and reproductive success by adjusting their spatial distribution to temporally fluctuating ecological conditions.
Boreal populations of woodland caribou (Rangifer tarandus caribou), or boreal caribou (Environment Canada 2011) , represent an interesting model to evaluate seasonal variation in the adaptive value of range fidelity. In the last decades, boreal caribou populations have experienced a drastic decline and are now threatened throughout Canada (Environment Canada 2011; Festa-Bianchet et al. 2011) . Human-induced landscape changes through resource extraction (e.g. logging, mining, oil sands) have been identified as the primary cause of this decline, notably because they trigger an increase in the abundance of predators (McLoughlin et al. 2003; Wittmer, Sinclair & McLellan 2005) . Caribou are long-lived animals that display space-use patterns influenced by long-term spatial memory (Avgar et al. 2015) . Range fidelity behaviour is therefore likely to benefit their performance by allowing individuals to maximize predator avoidance and foraging opportunities. Like other ungulates (Aycrigg & Porter 1997; Wiseman, Carling & Byers 2006) , caribou indeed tend to reuse seasonal home ranges (e.g. Schaefer, Bergman & Luttich 2000; Wittmer, McLellan & Hovey 2006; Faille et al. 2010) . Studies have also shown that this fidelity can vary in intensity at different periods of the year. For example, several studies found that the calving and rearing ranges of females are located closer from year to year than the ranges occupied during other seasons (Rettie & Messier 2001; Ferguson & Elkie 2004; Wittmer, McLellan & Hovey 2006) . It has been suggested that this seasonal return to the same areas during the calving period and early summer is aimed at minimizing calf predation risk (Rettie & Messier 2001; Brown, Mallory & Rettie 2003) . Conversely, their lower fidelity to winter ranges has been attributed to annual variations in food availability, predation pressure and caribou sociality (Ferguson & Elkie 2004; Wittmer, McLellan & Hovey 2006) . Despite the seasonal nature of range fidelity, very few studies had yet investigated how the use of seasonal fidelity tactics may influence different aspects of individual performance in animals. For example, no evidence of the consequences of those seasonal adjustments on the survival and reproductive success of caribou currently exists.
Range fidelity should allow animals to minimize predation risk through an increased familiarity with the environment (Greenwood 1980; Forrester, Casady & Wittmer 2015) . In this study we tested this hypothesis by assessing if seasonal range fidelity of female boreal caribou was positively associated with individual fitness correlates. To do so, we identified the seasonal range fidelity tactics used by females, and verified whether they differed for females that did or did not lose their calf to predation during the calving and rearing period, and for females that died or survived during winter. For both seasons, we expected females to display fidelity (be found closer than expected based on their annual space-use patterns) to their seasonal range of the previous year. Finally, we predicted that females that died during winter or that lost their calf during calving and summer would have displayed lower seasonal range fidelity.
Materials and methods

study area
The study area covered 357 644 km 2 of boreal forest in the province of Qu ebec (Canada) and encompassed the ranges of caribou herds (Fig. S1 , Supporting Information) located in the regions of Basse-Côte-Nord, Charlevoix, Côte-Nord, Jam esie and Leclerc, Dussault & St-Laurent (2014) . Calf survival was monitored using aerial telemetry surveys at a frequency of >2 times per week in June [average of 1Á8 AE 1Á5 (SD) days apart], every 2 weeks in July and August [average of 10Á8 AE 6Á7 (SD) days apart] and once per month in September and October. Following detection of a mortality signal, the collar was located within 72 h and the carcass and mortality site were investigated to determine cause of death (for details, see Pinard et al. 2012; Leclerc, Dussault & St-Laurent 2014) . Aerial survey date, evidence found at the mortality site and movements of the mothers, based on their GPS locations, were used to estimate mortality date. Both captures and manipulations of study animals were approved by the Animal Welfare Committee (according to the guidelines of the Canadian Council on Animal Care) of the Universit e du Qu ebec a Rimouski (certificates #36-08-67 and #27-07-53), Universit e Laval (certificate #2008026-3) and of the Minist ere des Forêts, de la Faune et des Parcs du Qu ebec (hereafter referred to as MFFP; certificates #07-00-02, #04-005, #06-00-27, #07-00-04, #11-03, #12-03, #12-07, #13-09 and #14-05).
spatial and statistical analyses
Caribou habitat in the study area was described using Landsat Thematic Mapper images from 2000 (cell size of 25 9 25 m) updated every year to integrate new disturbances (i.e. clear-cuts, fires, new roads) based on the information provided by the forest industries and the MFFP. Based on previous caribou habitat selection studies (Hins et al. 2009; Leblond et al. 2011; Dussault et al. 2012; Leclerc, Dussault & St-Laurent 2014) , Landsat land cover types were reclassified in four classes: conifer forest, lichen/ open lichen conifer, 0-40 year-old disturbed forests and other (water, mixed forests and non-forested areas). Elevation was extracted using digital elevation models (cell size of 20 9 20 m) created from 1 : 20 000 topographic maps.
We restricted our analyses to the calving/summer period for calf survival as it has been shown to be the period of highest vulnerability for juvenile caribou Leclerc, Dussault & St-Laurent 2014) . The adult survival analysis was restricted to the winter as most of the adult mortality in our study area occurred during this period (n = 30) . We combined calf monitoring information and biologically defined summer and winter periods for caribou (see Courtois 2003; Leblond, Dussault & Ouellet 2013) . The calving/summer period started on calving date specific to each individual (21 May-13 June) and ended on 14 September. For the survival analysis of adult females in winter, monitoring lasted from 1 November to 14 April. We used these season delineations in the next analytical steps.
We used resource selection functions (RSFs; Manly et al. 2002) to contrast GPS locations of each caribou for a given season to the same number of random points drawn within its annual home range delineated using a 100% minimum convex polygon (hereafter MCP). Annual MCPs were used as a measure of available landscape for each individual within a season. Even if MCPs are known to overestimate home range size by including unused areas (Grueter et al. 2009 ), we preferred MCPs over more constraining methods (e.g. kernels) to obtain sufficient contrast between used and available habitat types and highlight habitat selection (Leclerc, Dussault & St-Laurent 2012) . The land-cover type at each used or random location was noted, together with the proportion of roads in a 1-km radius buffer centred on the location. Roads were used as a measure of local landscape disturbance as their presence was highly correlated with cutovers in the study area and because of the major impacts they have on caribou behaviour (Leblond et al. 2011; Fortin et al. 2013 ) and on predator-prey dynamics (Whittington et al. 2011; Fortin et al. 2015) .
We conducted two separate analyses (calf survival, adult female survival) for which we built candidate models including land-cover categories, distance to the previous year's seasonal home range (index of range fidelity) and status at the end of the monitoring period (1 = dead, 0 = alive) for calves or females (Table 1) . Inter-annual seasonal range fidelity was included in the analyses as the Euclidean distance between each location (observed or random) and the boundary of the previous year's core home range for the related season, delineated using a 50% fixed kernel density estimator. We attributed a distance of 0 to locations falling inside the 50% fixed kernel boundary. The use of kernel density estimators to delineate areas intensively used by animals is widespread (Laver & Kelly 2008) , and the 50% isopleth should provide a reliable estimate of the intensively used areas given the fix rates used (B€ orger, Dalziel & Fryxell 2006) . Measuring range fidelity through resource selection analysis allowed us to discriminate between three potential behaviours: Table 1 . Rankings of candidate models assessing the relationship between the probability of occurrence of female caribou and habitat attributes, seasonal range fidelity and the fate of the calf (0 = survived n = 14; 1 = died n = 19) during calving-summer or the fate of the adult female (0 = survived n = 103;1 = died n = 26) during winter in Qu ebec, Canada (i) range fidelity, with caribou selecting locations found closer to their previous year's seasonal range than expected (based on random locations distributed in their annual range); (ii) range infidelity, with caribou avoiding locations found closer to their previous year's seasonal range than expected (based on random locations distributed in their annual range); and (iii) an absence of selection or avoidance (i.e. no difference between GPS locations and random points regarding the distance to the individual previous year's seasonal range). Spatial analyses were conducted using ArcGIS 10.1 (ESRI 2012) and R 3.1.0 (R Core Team 2014). The inclusion of either adult or calf survival status in RSF models implied that (i) the monitoring period was shorter for individuals that died (or lost their calf) and caribou space use behaviour is known to change with time according to external factors such as resource availability and calf mobility (Rettie & Messier 2001; Wittmer, McLellan & Hovey 2006) , and (ii) there was an unequal number of individuals that died or stayed alive for any given season . To account for this temporal change in fidelity and to allow balanced regression among all individuals, we used a bootstrap resampling approach and randomly matched every adult female that died (for the winter analysis) or lost its calf (for the calving/summer analysis), to another one that did not (see Dussault et al. 2012; Leclerc, Dussault & St-Laurent 2014 for methodological details). The GPS locations of an individual that survived were then restricted to match the monitoring period (number of days) of the dead individual with which it was paired. We ran mixed logistic regressions with the resulting database contrasting the characteristics of GPS locations and random points for each candidate model, using mature conifer as the reference land cover category. To account for differences in sample size and selection between regions and individuals, we set year nested in individual nested in region (range/id/year) as a random intercept for both the calf and the adult survival analyses. This test was repeated 999 times (each time with a new random pairing of dead and alive individuals) and we used the 1000 regression outputs to calculate the mean coefficient of each covariate and its associated 90% and 95% confidence intervals (CI). We used the 90% CI because the number of dead individuals, on which our pairing was based, was rather small (calving/summer = 19; winter = 26) and we were concerned with the risk of type II error (Vittinghoff & McCulloch 2007; Dussault et al. 2012; Leblond, Dussault & Ouellet 2013) . Candidate models were ranked by computing the mean Akaike's information criterion adjusted for small sample sizes (AICc; Burnham & Anderson 2002) of the 1000 regressions. Prior to both RSF analyses, we assessed multi-collinearity and noted that the variance inflation factor (Graham 2003) for all variables was <2. For both periods, we measured Strauss's linear index (Strauss 1979) by fate (survived/died) as the proportion of observed locations in distance bin i minus the proportion of random locations for distance bin i.
We included juvenile survival in the calving-summer RSF analysis by using the monitoring data from 33 calves (19 died from predation, 14 survived) for which the GPS locations of the mothers were available for the previous year (for more details on calf survival, see Pinard et al. 2012; Leclerc, Dussault & St-Laurent 2014) . For the adult survival analysis, we included all caribouyears for which the GPS locations of the previous year were available. The resulting dataset for winter included 248 femaleyears (127 females, median monitoring length = 2 years) and 26 mortality events (Table S1 ).
Displaying variable levels of fidelity to seasonal ranges requires important movement and a wider use of space, both of which have been shown to be negatively affected by habitat alteration at larger scales (Smith et al. 2000; Beauchesne, Jaeger & St-Laurent 2014) . We thus used linear mixed-effects models to assess how females adjusted their seasonal fidelity (mean distance between all locations of a season and the core range of the previous year for the same season) to large-scale fragmentation of mature forest (i.e. inside their 100% MCP annual home range). We used the Landscape Shape Index (LSI, Vander Wal et al. 2014) of conifer and lichen-open lichen conifer land-covers (confounded) as a measure of fragmentation of caribou preferential habitat. LSI measures the fragmentation of a given habitat class in the landscape and correlates with habitat loss (Liu, He & Wu 2016) , making it a useful measure of mature forest fragmentation (Tinker et al. 1998; € Ohman & L€ am as 2005) . We performed this analysis using all female-years for which we possessed a complete season and the previous year of telemetry data (calving-summer: n = 202, winter: n = 204). The response variable (mean distance to previous year's seasonal range) was divided by individual annual range size, thereby allowing us to detect range shifts between different home range sizes. Variables were log-transformed to linearize the relationships. We set individual female as a random intercept to account for differences in fidelity responses between individuals.
Results
calving-summer range fidelity and calf survival
Resource selection of females with a calf during the calving and rearing periods involved a combination of landscape attributes and range fidelity in interaction with calf status (Table 1 ). The top-ranking model indicated that females with a calf selected higher elevation and lichen woodlands, while avoiding disturbed areas and high road densities, as well as mixed forests, non-forested areas and water bodies classified under the variable 'other' (Table 2) . Caribou females displayed range fidelity, selecting areas located closer to their calving range of the previous year than expected based on random locations. The interaction between female's range fidelity and the fate of their calf (survived/died) indicated that variation in fidelity behaviour was associated with different outcomes of juvenile survival. Females that did not lose their calf showed a stronger selection for areas located within 0Á2 km from their previous calving range than females that did (calf survived: mean distance = 1Á9 km, median distance = 0 km; calf died: mean distance = 3Á2 km, median distance = 0Á1 km) (Fig. 1). winter range fidelity and adult survival Regarding adult survival in winter, the most parsimonious model included range fidelity and interactions between female status, local road density and range fidelity (Table 1) . Female caribou selected lichen woodlands and avoided mixed forests and areas with a high local density of roads (Table 2 ). Contrary to the calf survival analysis, we found that winter range fidelity was negatively related to the survival of adult females. First, females displayed variable range fidelity, with some individuals avoiding areas located closer to their previous winter range than expected based on random locations, indicating that they avoided the areas where they had spent the previous winter. Second, the interaction between female's fidelity and fate (survived/died) revealed that females that survived displayed lower range fidelity to their previous winter range than those that died (female died: mean distance = 15Á4 km, median distance = 3Á8 km; female survived: mean distance = 21Á4 km, median distance = 9Á3 km) (Fig. 2) . For example, females that survived avoided areas located at less than 2 km from their previous winter range whereas females that died selected them (Fig. 2) .
large-scale habitat fragmentation and seasonal range fidelity
For both seasons, the distance between the ranges occupied during successive years decreased with an increase in the levels of fragmentation of caribou preferential habitat at the annual range scale for both calving/summer (b = À1Á438, 95% CI = [À1Á654:À1Á222]) and winter (b = À0Á884, 95% CI = [À1Á015:À0Á753]) (Fig. 3) .
Discussion
In species displaying site or range fidelity, the familiarity of individuals with specific areas or habitat patches should influence their attractiveness (Wolf et al. 2009; Piper 2011; Merkle, Sigaud & Fortin 2015) . We found that range fidelity, along with habitat selection, had an important role in determining the spatial distribution of female caribou over a study area covering 357 644 km 2 of boreal forest. For the two time periods investigated, the selection or avoidance of previously used areas by female caribou was indeed a behavioural tactic influencing their spatial distribution. This finding is central, as most animal space use models do not consider the value of previous experience in the resource selection process (Piper 2011) . Our results thus indicate that habitat patches of the same type should not always be considered as being equally attractive to caribou, because their previous use matters. Considering that range fidelity is expressed by most species at different scales (Greenwood 1980; Piper 2011) , habitat selection studies should account for this behaviour, thereby reducing potential misinterpretation of habitat preferences.
benefits of seasonal adjustments
Caribou range fidelity varied with time of the year, as females displayed both strong fidelity in summer but a much weaker fidelity in winter towards their previous seasonal ranges. Interestingly, those seasonal adjustments appeared beneficial to the individual performance of females during these respective periods. Given the predominant role of predation in the demographic decline of boreal caribou (McLoughlin et al. 2003; Wittmer, Sinclair & McLellan 2005; Leblond et al. 2016) , behaviours associated with increased survival should indicate a reduction of predation risk. In eastern Canada, juvenile and adult mortality occur mainly in summer and winter, respectively, and are attributable to different predators [i.e. juvenile mortality: black bear (Ursus americanus), see Leclerc, Dussault & St-Laurent 2014 ; adult mortality: grey wolf (Canis lupus), see Losier et al. 2015] . According to the predation risk allocation hypothesis, temporal variation in predation risk should drive the type and intensity of antipredator strategies used by prey (Lima & Bednekoff 1999) . We found that returning to familiar areas benefited calf survival. This relationship likely reflects the effectiveness of this tactic at reducing predation by black bears, which have been shown to be opportunistic predators of caribou calves that do not actively search for areas where the probability of encountering a cow-calf pair is high (Bastille-Rousseau et al. 2011) . In this context, females may benefit from displaying a better avoidance of bears in familiar areas. Conversely, wolves, the main predators of adult caribou, often intensify their use of areas where ungulates are aggregated (Potvin 1988; Kunkel & Pletscher 2001) and actively select habitats where caribou are found in winter (Courbin et al. 2009 ). The predator-prey shell game theory states that large-scale movements may allow prey to avoid predators, which possess good spatial memory (Mitchell & Lima 2002) . The probability of occurrence of female caribou increased with the distance to their previous winter range, a behaviour that also appeared to favour their survival. Considering that boreal caribou tend to aggregate with conspecifics during winter (StuartSmith et al. 1997; Brown, Elliott & Messier 2000) and are found at very low densities in our study area (1Á5/ 100 km 2 , Fortin et al. 2008) this individual tactic likely translates to the behaviour of regional caribou groups. In those conditions, we propose that range fidelity might be an effective tactic aiming at avoiding wolves in the predator-prey shell game by making the winter locations of local caribou groups less predictable.
The relationship between range fidelity and organisms' reproductive performance has generally been assessed over either a specific period of the year (e.g. nesting: Gavin & Bollinger 1988; or calving: Welch, Rogers & Mckinley 2000) or the total lifespan of individuals (Authier et al. 2012) . However, several species, such as caribou strong fidelity in summer and infidelity in winter. While a recent study on wolf and bear avoidance by caribou showed that flexible habitat selection may promote calf survival (Leblond et al. 2016) , we argue that flexible, seasonal behaviours of range fidelity also contribute to individual performance. Consequently, range fidelity should not always be regarded as a fixed behaviour but rather as a set of season-specific tactics that, when strategically used, may positively influence individual fitness.
range fidelity in disturbed landscapes
Identifying the demographic implications of range fidelity may help define management and conservation strategies (Campbell et al. 2008) . Our results suggest that disentangling the seasonal benefits of fidelity behaviour is important to identify the real demographic consequences of the relationship linking disturbances to range fidelity. As we showed that seasonal adjustments in range fidelity could be linked to fitness correlates, large-scale fragmentation may affect the adaptive value of range fidelity through different pathways, underscoring the challenge for caribou of persisting in highly managed boreal landscapes.
We found that increases in the fragmentation of caribou preferential habitat (annual range scale) reduced the inter-annual distance between ranges for both seasons, suggesting that large-scale habitat alteration may force females to display higher fidelity to the areas previously occupied. This finding is consistent with other studies that observed reduced movement (Smith et al. 2000) , range size (Beauchesne, Jaeger & St-Laurent 2014) and increased fidelity (Faille et al. 2010 ) by caribou in disturbed landscapes. Forest harvesting has been shown to cause the highest probability of wolf -caribou co-occurrence to take place in residual forest patches initially devoted to caribou conservation (Courbin et al. 2009) . In this study, we additionally pointed out that the fragmentation of caribou preferential winter habitat may constrain individuals to the same wintering areas year after year, a behaviour that was associated with increased mortality. Furthermore, using different annual wintering areas poses a greater risk for caribou of seeing one or many of these areas affected by habitat alteration (Newton 2004) . We found that mature forest fragmentation also increased calving and summer range fidelity. While we found that displaying calving range fidelity was associated with better calf survival, recent studies suggest that this behaviour could be less rewarding in disturbed areas. For example, although they did not considered fidelity, Dussault et al. (2012) and Leclerc, Dussault & St-Laurent (2014) showed that females who selected disturbed areas were more prone to lose their calf to predation. Monitoring a greater number of calves in landscapes comprising different levels of disturbance would be needed to test this interaction, but those studies suggest that driving females to display fidelity (by decreasing the availability of mature forests) may alter the fitness benefits of range fidelity. Additionally, we were not able to account for the influence of previous calving success on the patterns of range fidelity that we observed, but we recognize that previous experience may influence the subsequent behavioural choices of females (Wiseman, Carling & Byers 2006) . Finally, because females display range fidelity to individual calving areas while spacing out from each other during the calving period (Bergerud, Ferguson & Butler 1990) , our results highlight the need to conserve extensively distributed suitable calving habitats (see Leclerc, Dussault & St-Laurent 2012) .
Conclusions
Our study provides the first empirical evidence that adjustments in seasonal range fidelity, an important driver of space use, can influence fitness correlates by affecting calf and adult survival in the threatened boreal populations of woodland caribou. While adult survival is considered as the vital rate with the highest elasticity affecting population dynamics in ungulates (Gaillard et al. 2000) , juvenile survival is subject to more variation and may therefore strongly influence the demographic trajectory of a population (Gaillard, Festa-Bianchet & Yoccoz 1998) . Considering the numerous taxa that display variable levels of range fidelity among seasons, the fitness implications of using variable seasonal tactics could be widespread in animal species.
As increasing human development can not only influence range fidelity behaviour, but most importantly its benefits for individual fitness, we suggest that the research and management of animals displaying range fidelity should account for seasonal adjustments in this arearestricted behaviour.
